The importance of toll-like receptor 4 (TLR4) in immunity to rickettsiae remains elusive. To investigate the role of TLR4 in protection against rickettsioses, we utilized C3H/HeJ mice, which are naturally defective in TLR4 signaling, and compared the responses of C3H/HeN and C3H/HeJ mice following intravenous inoculation with Rickettsia conorii. Mice genetically defective in TLR4 signaling developed overwhelming, fatal rickettsial infections when given an inoculum that was nonfatal for TLR4-competent mice. In addition, mice lacking the ability to signal through TLR4 had significantly greater rickettsial burdens in vivo. Moreover, we observed greater concentrations of the cytokines interleukin 6 (IL-6), tumor necrosis factor alpha, IL-12p40, IL-12p70, and IL-17 in the sera of mice with intact TLR4 function as well as significantly greater quantities of activated CD4
The importance of toll-like receptors (TLR) in initiating and polarizing immune responses toward pathogens has been extensively chronicled (8, 17, 35) . TLR4 ligation is important in activating dendritic cells (DC) toward the initiation of Th1-type or Th17 responses (40) . Conversely, lack of TLR4 stimulation during antigen (Ag) presentation leads to disproportionate expansion of regulatory T lymphocytes (T reg ) and subsequent suppression of immunity (26, 27) .
Many important immune effector mechanisms against rickettsiae have been elucidated using a Rickettsia conorii-infected C3H/HeN mouse model (39) . Owing to the obligately intracellular lifestyle of rickettsiae, cytotoxic T lymphocytes (CTL) and endothelial production of NO subsequent to gamma interferon (IFN-␥) and tumor necrosis factor alpha (TNF-␣) stimulation are critical in immunity (9, 10) . Evidence suggests that NK cell activity and early NK cell-derived IFN-␥ production are also important (4) . Nevertheless, the early triggers leading to protective immunity, particularly the significance of TLR ligation, have not been determined. Previous studies have demonstrated that a spotted fever group rickettsia, namely, Rickettsia africae, and a phylogenetically related organism, a Wolbachia sp., are capable of inducing cellular activation through TLR4 and TLR2, for which the natural ligands are lipopolysaccharide (LPS) and peptidoglycan, respectively (5, 6) .
Our laboratory has previously demonstrated that ligation of TLR may be important in initiating immunity to rickettsioses. Transfer of DC stimulated with Escherichia coli LPS induced partial protection against an ordinarily lethal rickettsial infection, suggesting that TLR4 ligation is important in protection (16) . These data led us to examine the importance of TLR4 signaling in initiating a protective immune response in vivo.
To this end, we compared our well-established C3H/HeN-R. conorii model with the genetically related mouse strain C3H/ HeJ. C3H/HeJ mice possess a missense mutation in the TLR4 gene, which leads to a single amino acid change in the cytoplasmic portion of TLR4, impeding signal transduction and leading to a phenotype similar to that of TLR4 knockout mice (15, 29, 30) . Therefore, C3H/HeJ mice are defective in TLR4 signaling and defective in responding to LPS [TLR4 (LPS-d) ]. TLR4 (LPS-d) mice are predisposed to developing overwhelming, fatal rickettsial infections when given an inoculum that is nonfatal to TLR4-competent C3H/HeN mice, and they develop significantly greater rickettsial burdens and decreased proinflammatory cytokine levels throughout infection. Infected TLR4 (LPS-d) mice had a significantly greater percentage of T reg cells in the spleen and significantly fewer activated CD4 ϩ and CD8 ϩ T lymphocytes.
MATERIALS AND METHODS
Rickettsiae. R. conorii strain Malish 7, a human isolate from South Africa, was obtained from the American Type Culture Collection (Manassas, VA) (ATCC VR 613) and cloned by plaque purification in our laboratory. The rickettsial stock for animal infections was prepared as an infected 10% yolk sac suspension and stored at Ϫ80°C. Rickettsiae for in vitro Ag stimulation were purified by density gradient centrifugation. Briefly, monolayers of Vero cells were infected with R. conorii from the 10% yolk sac stock (10 5 PFU per 150-cm 2 flask). After 7 to 10 days of incubation at 34°C, Vero cells were harvested and lysed by ultrasonication. Rickettsiae were purified from cell debris by discontinuous den-sity gradient centrifugation in Renografin (13 ) (Jackson Laboratories, Bar Harbor, ME) mice between the ages of 6 and 12 weeks were housed under animal biosafety level-3 specific-pathogen-free conditions according to a protocol approved by the Institutional Animal Care and Use Committee at the University of Texas Medical Branch (Galveston). In preliminary experiments, C3H/HeJ and C3H/HeN mice were challenged intravenously with serial dilutions of R. conorii to determine the relative susceptibilities of the mouse strains. The dose of 8 ϫ 10 3 PFU, approximately 1 50% lethal dose (LD 50 ) in C3H/HeN mice, was determined to cause uniform lethality in C3H/HeJ mice and was used for subsequent experiments. Mice were mock infected by diluting SPG buffer as for animal inoculations; however, R. conorii was not present in the inoculum. Mock-infected mice were unaffected by the inoculum and were phenotypically similar to mice that were not injected. After infection, mice were monitored twice daily for survival. Serial sacrifice studies were conducted to collect sera by cardiocentesis, determine rickettsemia levels, detect pathological lesions in target organs, and determine the relative and absolute numbers of immune effector cells in peripheral lymph nodes and the spleen. For experiments determining the recall response after survival of rickettsial infection, mice were inoculated with 2 ϫ 10 2 PFU of R. conorii. Both strains of mice survived infection with this dose.
Brain microvascular endothelial cell isolation. Isolation of mouse brain endothelial cells (MBEC) was adapted from previously reported protocols (28, 34) . Briefly, whole brains from male C3H/HeN or C3H/HeJ mice were removed aseptically and briefly soaked with 70% ethanol to render leptomeningeal vessels nonviable. The fresh brains were stored in ice-cold Dulbecco's modified Eagle medium (DMEM)-F-12 containing 2% fetal calf serum (FCS) prior to homogenization. Brains were homogenized using a glass Dounce homogenizer and centrifuged. The resulting pellet was resuspended in 15% dextran (molecular mass, 70 kDa) and centrifuged at 11,400 ϫ g for 10 min at 4°C to remove the myelin-containing cells. The pellet was washed once more in DMEM-F-12 with 2% fetal bovine serum (FBS) and incubated at 37°C for 1.5 h in 1 mg/ml collagenase/dispase containing 10 U/ml DNase I and 0.147 g/ml N␣-tosyl-Llysine chloromethyl ketone (TLCK) with constant agitation. Following the digestion step, the crude microvessels were washed in medium and plated on rat tail collagen-coated plates in growth medium containing DMEM-F-12, 10% FCS, 10% normal horse serum, 100 g/ml endothelial cell growth supplement (Biomedical Technologies, Stoughton, MA), 100 g/ml heparin, and 3 g/ml puromycin. After 3 days of incubation, the puromycin was removed from the culture medium, and the cultures then consisted of pure brain endothelial cells. The cells were maintained at 37°C under 5% CO 2 .
Determination of Ag-specific IFN-␥ production. DC-T-cell cocultures were performed to determine the ability of DCs to present rickettsial Ags to naïve and immune CD4 ϩ and CD8 ϩ T cells. For comparison, T cells were cocultured with macrophages; 10 6 DC or splenic macrophages were inoculated with heat-killed R. conorii (multiplicity of infection equivalent to 5) and cocultivated with 5 ϫ 10 6 T-cells in 1 ml in 24-well plates (ratio of antigen-presenting cells to T cells, 1:5). After 48 h of culture, the supernatant was collected as described above for assessment of cytokine production.
Flow cytometry. Phenotypic analysis of immune effector cells was accomplished by staining cell suspensions in fluorescence-activated cell sorter (FACS) buffer (phosphate-buffered saline containing 1% FBS and 0.1% NaN 3 ) with fluorochrome-conjugated monoclonal antibodies (MAbs). Prior to being stained with fluorochrome-conjugated MAbs, Fc receptors were blocked with anti-CD16/32 (Fc Block, 2.4G2). The intensity of fluorescence was measured on a FACScan or FACScalibur flow cytometer (BD Biosciences, Mountain View, CA) and analyzed using CellQuest (BD Biosciences) or FlowJo (TreeStar, San Carlos, CA) software. For analysis of intracellular cytokines, cell surface molecules were stained essentially as described above. Thereafter, cells were washed twice with FACS buffer and were fixed and permeabilized with 100 l Cytofix/ Cytoperm (BD Biosciences) for 20 min on ice. Cells were then washed two times in Perm/Wash (BD Biosciences) and resuspended in 50 l Perm/Wash. Applicable cytokine-specific fluorochrome-conjugated MAbs were then added, and cells were incubated for 20 min. Subsequently, cells were washed with FACS buffer and analyzed as described above. Antibodies used included anti-CD3e (145-2C11), anti-CD4 (RM4-5), anti-CD8 (53-6.7), anti-CD25 (7D4), anti-CD69 (H1.2F3), anti-IL-17 (TC11-18H10), anti-IFN-␥ (XMG1.2), anti-FoxP3 (150D) (BioLegend, San Diego, CA), and appropriate isotype controls. Antibodies were obtained from BD Biosciences (San Diego, CA) unless otherwise noted.
Determination of cytokine production. The levels of interleukin 2 (IL-2), IL-4, IL-6, IL-10, IL-12p40, IL-12p70, IL-17, RANTES, TNF-␣, and IFN-␥ in the supernatants of DC activation assays and the sera of animals after R. conorii infection were quantified using the BioPlex chemiluminescent bead assay from Bio-Rad Systems. IL-23 was quantitated using a commercial enzyme-linked immunosorbent assay (eBioscience), and data were collected using a Versa Max microplate reader and SoftMAX pro software (Molecular Devices, Sunnyvale, CA).
Real-time PCR quantitation of rickettsemia levels. Rickettsiae in tissues were measured as described previously (16) . Briefly, 1-mm 3 pieces (approximately 2 mg) of brain, lung, and spleen were harvested on days 1, 3, and 5 postinfection and were stored at Ϫ20°C until processing. Tissue pieces were homogenized, and DNA was purified using the DNeasy tissue kit (Qiagen, Valencia, CA). Plasmids containing rickettsial gltA and murine ␤-actin PCR products were constructed using the TOPO 2.1 and TOPO 4 cloning kits, respectively. Rickettsial gltA was amplified using the forward primer CS-5 (5Ј-GAGAGAAAATTATATCCAAA TGTTGAT) and the reverse primer CS-6 (5Ј-AGGGTCTTCGTGCATTTCTT). Murine ␤-actin DNA was amplified using the forward primer 5Ј-AGAGGGAA ATCGTGCGTGAC and the reverse primer 5Ј-CAATAGTGATGACCTGGC CGT. Real-time PCR was performed using Sybr green Supermix, 1 l DNA, and primers (0.2 M) on an iCycler real-time PCR apparatus (Bio-Rad, Hercules, CA). Standard curves were generated using plasmids containing cloned PCR products. All PCRs were performed using the following protocol: 95°C for 10 min, followed by 40 cycles of 95°C for 30 s, 50°C for 15 s, and 60°C for 15 s. Data are expressed as the average number of rickettsial gltA copies per 10,000 copies of ␤-actin.
Histopathology and immunohistology. Necropsies were performed on mice sacrificed on days 0, 1, 3, and 5 postinfection. Brain, lung, and spleen were immersed in zinc fixative (BD Biosciences) for immunohistology or histopathology, embedded in paraffin, and sectioned at a thickness of 5 m. Sections were processed and stained with hematoxylin and eosin for histopathologic evaluation. For immunohistology, a rabbit anti-R. conorii polyclonal antibody was used to detect rickettsial Ag (37, 39) using Vectastain ABC reagents (Vector Laboratories, Burlingame, CA) and either Vector Red or 3,3Ј-diaminobenzidine.
Statistics. Data are expressed as means Ϯ standard errors of the means (SEM) or standard deviations (SD), and the significant differences between two series of results were determined using Student's unpaired t test with Sigma Stat software. P values of Ͻ0.05 were considered significant.
RESULTS
TLR4 dysfunction leads to increased susceptibility to severe R. conorii infection. In order to determine the significance of TLR4 signaling in immunity to spotted-fever rickettsiae, we used our well-established murine model of spotted-fever rickettsioses in the C3H/HeN mouse and compared it to the genetically related mouse with defective TLR4 function, C3H/HeJ [TLR4
(LPS-d) mice given an R. conorii inoculum that is near the LD 50 in C3H/HeN mice were all lethally infected (Fig. 1 (LPS-d) mice with doses as low as 7.5 ϫ 10 2 PFU of R. conorii led to Ͼ60% mortality, while C3H/HeN mice all survived infection at this dose (Table 1) .
Rickettsial loads in the organs are significantly greater in mice deficient in TLR4 function. To evaluate whether the enhanced susceptibility observed in TLR4
(LPS-d) mice correlated with rickettsial burden differences in vivo, we determined the relative rickettsial loads throughout infection in the brain and lung. TLR4
(LPS-d) mice had significantly greater numbers of rickettsiae in the brain and lungs on days 3 and 5 postinfection ( Fig. 2A and B) . Rickettsial gltA was undectectable in mock-infected controls (data not shown). It is noteworthy that rickettsial loads were nearly undetectable in C3H/HeN mice, relative to those in TLR4 (LPS-d) mice, suggesting significant control of rickettsial growth in TLR4-competent mice. Moreover, it should be noted that in both strains of mice, rickettsial loads in the lungs were approximately 1 log unit greater than those observed in the brain, suggesting that following tail vein injection, many rickettsiae infect the endothelium of the alveolar capillaries, delaying spread to the brain until later in infection. The differences in rickettsial loads in the brain and lung were also observed by immunohistochemistry. Rickettsial Ag was observed, by staining, at greater intensity and in greater quantity for mice lacking TLR4 function (data not shown).
TLR4 (LPS-d) mice have fewer splenic CD8 T lymphocytes after rickettsial infection in association with increased T reg cells in lymph nodes.
In light of the observation that TLR4 ligation appears to significantly limit rickettsial proliferation in vivo, we focused on evaluating the differences in cellular immunity after R. conorii infection. Necropsies performed on day 5 postinfection revealed marked differences in the sizes of the spleen between TLR4
(LPS-d) mice and mice with competent TLR4 responses (data not shown). Consistent with a grossly enlarged spleen, mice with functional TLR4 responses had significantly greater splenic lymphocyte contents on day 5 postinfection, although significant differences in lymphocyte quantities were not present in the peripheral lymph nodes (Fig.  3A and B) .
In addition to determining absolute lymphocyte populations, we also determined the percentages and absolute numbers of immune effector cells in the spleen. TLR4
(LPS-d) mice had significantly fewer activated (CD69 ϩ ) CD4 ϩ and CD8 ϩ T lymphocytes in the spleen on day 5 of infection ( Fig. 3C and D) . Despite these dramatic differences in absolute cell quantities, it should be noted that the percentages of the lymphocyte subsets did not differ significantly (data not shown); therefore, although TLR4 leads to significant augmentation of the cellular immune response, it does not alter the overall proportions of immune cells in response to rickettsial infection.
Our observation of possible immunosuppression in TLR4 (LPS-d) mice, indicated by decreased immune cell proliferation and significantly fewer early-activated T lymphocytes, also spurred investigation into the role of T reg cells in these susceptible mice. TLR4
(LPS-d) mice had a significantly greater percentage of T reg cells (FoxP3 ϩ CD25 ϩ CD4 ϩ T lymphocytes) in peripheral lymph nodes than C3H/HeN mice (Fig.  3E) on day 3 postinfection. TLR4
(LPS-d) mice also had greater numbers of T reg cells in the spleen (Fig. 3F) .
Mice with competent TLR4 responses produce significantly greater quantities of proinflammatory cytokines in vivo. Our evaluation of the immune effector cell response, specifically the expansion of immune effector subtypes, revealed that mice that possessed functional TLR4 responses had significantly greater numbers of immune effector cells (activated CD4 and CD8 T lymphocytes), while TLR4
(LPS-d) mice had a greater 3 PFU R. conorii and monitored for survival (n ϭ 10 mice per group). Each curve demonstrates the mean survival per day postinfection for three independent experiments. Error bars, SD. Mice that survived to day 10 postinfection remained alive and were immune to reinfection. Mock-infected mice were phenotypically similar to uninfected controls and survived challenge (data not shown). percentage of T reg cells in lymph nodes and spleen. We, therefore, examined the cytokine concentrations in the sera on days 3 and 5 after infection with R. conorii in order to determine the effect that TLR4 ligation had on systemic cytokine production. Mice possessing functional TLR4 receptors had significantly higher levels of the prototypical Th1-inducing cytokines IL12p40 and IL-12p70 than TLR4 (LPS-d) mice 3 days postinfection (Fig. 4A) . TLR4-competent mice also had significantly higher levels of the leukocyte chemotactic factor RANTES (CCL5) and IL-6, although levels of two cytokines implicated in antirickettsial activity, TNF-␣ and IFN-␥, were not significantly higher than in TLR4 (LPS-d) mice. On day 5 postinfection, similar cytokine profiles prevailed; however, levels of IL-12p40 and RANTES were no longer statistically different. However, IL-12p70 levels still remained significantly higher in TLR4-competent mice than in TLR4
(LPS-d) mice, and TNF-␣ levels were also significantly elevated in TLR4-competent mice (Fig. 4B) . Of note, IL-12p70 was nearly undetectable in TLR4
(LPS-d) mice, suggesting a significant failure in polarization toward a Th1 response.
Mice with functional TLR4 responses generated Ag-specific Th17 cells and had significantly greater levels of IFN-␥-producing CD8
؉ and CD4 ؉ T lymphocytes during acute rickettsial infection. Our data suggested that despite the perception of diminished proinflammatory cytokine responses and blunted recall responses, memory responses were still generated despite a lack of TLR4 signaling capability. We therefore sought to further characterize the differences in the immune responses during acute infection. Previous research had suggested that in other bacterial infections, TLR4 ligation was necessary for the generation of IL-17-producing T lymphocytes. To determine if rickettsial infection induced IL-17 production in response to TLR4 stimulation, we collected serum by cardiac puncture on days 3 and 5 postinfection and then isolated splenocytes on day 5, exposed them to rickettsial Ag for 24 h in vitro, and determined the levels of IL-17 in serum and the quantities of IFN-␥-secreting CD4 ϩ and CD8 ϩ T lymphocytes. Mice with competent TLR4 responses had significantly higher IL-17 levels in the serum on both days 3 and 5 postinfection than mice deficient in TLR4 signaling (Fig.  5A) . Moreover, we demonstrated that TLR4-competent mice had significantly more Th17 cells (IL-17-producing CD4 ϩ T lymphocytes) on day 5 postinfection (Fig. 5B) . In addition to significantly higher levels of serum IL-17 and Th17 cells, TLR4-competent mice also had a greater number of Ag-specific Th1 cells (IFN-␥-producing CD4 ϩ T lymphocytes) on day 5 postinfection; however, we did not observe a significant difference in the numbers of IFN-␥-producing CD8 ϩ T lymphocytes ( Fig. 5C and D) .
DISCUSSION
In the current study, we have demonstrated the importance of TLR4 signaling in rickettsial infection. Specifically, we have determined that mice with competent TLR4 responses were more resistant to rickettsial infection; moreover, this resistance was associated with an increase in the number of known antirickettsial effector cells, specifically Th1-polarized CD4 ϩ and CD8 ϩ T lymphocytes. Substantial information exists on the (3, 7, 20, 38) . TLR4 stimulation in DC by gram-negative pathogens causes polarization toward Th1 cellular differentiation, in part due to IL-12 production (23, 31) . Additionally, lack of TLR4 stimulation during Ag presentation leads to T reg expansion and the suppression of proinflammatory immune responses. (26, 27) . This study corroborated previous findings on the importance of TLR4 stimulation in the initiation of Th1-and Th17-driven proinflammatory responses. Additionally, we have demonstrated, for the first time, that TLR4 stimulation is important in the expansion of Th1 T lymphocytes in rickettsial infection. These results are particularly significant due to the fact that rickettsiae do not possess classical endotoxic LPS yet are still capable of initiating a TLR4-mediated response (2) . Previously, it was believed that rickettsial LPS possessed little immunologic significance due to the fact that its endotoxic activity required substantially higher doses than typical LPS of gram- However, we now demonstrate that TLR4, presumably signaling due to ligation with rickettsial LPS, is an important mediator of immunity to rickettsiae. We observed significant differences in the adaptive immune responses. TLR4 stimulation is important in polarizing adaptive immune responses toward a Th1-type immune response associated with the production of IL-12p40 and IL-23 (1, 12, 14, 32) . In previous studies, we demonstrated that DC stimulated by rickettsiae produce Th1-type cytokines similar to those produced by LPS-stimulated DC in vitro, particularly IL-23 and IL-12p40 (16) . IL-23 promotes the expansion of a distinct population of Th17 cells, which play a critical role in autoimmunity yet are also implicated in protective immune responses to bacterial pathogens (14, 18, 19) . In the current study, we observed a reduced Th1-type response in TLR4
(LPS-d) mice during R. conorii infection; in particular, TLR4
(LPS-d) mice produced significantly less IL-12p40, IL-12p70, and IL-23. The production of these cytokines in rickettsia-infected TLR4-competent mice was also associated with the expansion of activated (CD69 ϩ ) CD4 ϩ and CD8 ϩ T lymphocytes in the spleen.
We also observed that TLR4 (LPS-d) mice had a significantly greater percentage of T reg cells in their peripheral lymph nodes, which could potentially suppress proinflammatory responses through the production of IL-10 or transforming growth factor ␤ (25) and limit the initiation of adaptive immunity by decreasing the number of effector cells during Ag stimulation (22, 24) . Under some conditions, mice that lack T reg cells eventually succumb to massive immune-mediated damage (21) . Thus, deleterious expansion of T reg cells during infection may limit protective immunity. In this study, we have demonstrated that TLR4
(LPS-d) mice given an ordinarily sublethal dose of R. conorii had a defect in the generation of Ag-specific T lymphocytes. Both CD4 ϩ and CD8 ϩ T lymphocytes from TLR4 (LPS-d) mice produced significantly less Ag-specific IFN-␥ than mice with competent TLR4 responses, suggesting that TLR4 signaling leads to a greater number of Ag-specific memory T lymphocytes. However, we observed that TLR4 (LPS-d) mice that survived rickettsial infection were resistant to reinfection with a normally lethal dose, suggesting that a protective anamnestic response can occur in the absence of TLR4 signaling (data not shown).
In conclusion, the present study has established that TLR4 signaling plays an important role in both innate and adaptive protective immunity against R. conorii infection in vivo, inducing NK cell proliferation and cytotoxic activity, limiting rickettsial growth in vivo, and polarizing the response toward a Th1 antirickettsial phenotype. 
